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ABSTRACT
Conjugated linoleic acid (CLA) has multiple health benefits but it is difficult to obtain sufficient CLA in a
healthy diet to obtain the clinical effects. A CLA rich-soy oil (CLARSO) with up to 20% CLA has been
produced by heterogenous catalysis but no studies of its oxidative stability have been reported. CLARSO
and soy oil primary and secondary oxidation products were measured at 50oC in the dark. The CLARSO
was less stable than soy oil but adsorption bleaching improved its oxidative stability. However, induction
times were dependent on the analytical method used. Fatty acid oxidation kinetics was determined by
measuring each fatty acid and total hydroperoxides in CLARSO at 52 oC, 61 oC and 69 oC in the dark and
determining unsaturated fatty acids oxidation rate constants, activation energies and frequency factors by
the Arrhenius equation. CLA isomers had higher rate constants, higher activation energies and higher
frequency factors than linoleic acid suggesting that CLA isomers had more collisions with oxygen than did
linoleic acid. CLARSO TAG were first identified by analytical HPLC. Semi-preparative HPLC was then
used to obtain CLARSO TAG fractions and determine fatty acid composition by GC-FID FAME analysis.
Then CLARSO was evaluated by incubating 2g samples at 50 oC over 3 days. CLARSO TAG fractions
were then isolated and changes in fatty acid content of each fraction determined. It was found that the
stability linoleic acid in each fraction was directly related to linolenic acid content and decline, but
independent of CLA content and decline, although decline of CLA was similar to that of linolenic acid.
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INTRODUCTION:

The term 'conjugated linoleic acid’ (CLA) refers to a group of positional and geometrical isomers of linoleic
acid having two conjugated double bonds at various carbon positions in the fatty acid chain. The
conjugated double bonds usually occur between carbons 7 and 12(1) and can either have a cis or a trans
orientation. Pariza and others first reported the anti-carcinogenic effects of CLA in 1985(2). Subsequently,
many health benefits have been discovered to date such as anti-atherosclerotic (3), anti-diabetic (4) and
anti-obesity (5) effects. CLA production is reported in bovine rumen bacteria as an intermediate in the biohydrogenation of linoleic acid to stearic acid and also in the mammary glands by the conversion of trans11-vaccenic acid by Δ9 desaturatase.

CLA is found in beef and dairy products of ruminant animals, but is not enough to realize health benefits
under normal levels of consumption. Increased CLA intake through greater intake of meat and dairy
products would also increase dietary saturated fat and cholesterol, which would be undesirable.
Therefore, there is a need for food which contains sufficient CLA to provide enough daily CLA without high
levels of saturated fat or cholesterol. Soy oil contains 50% linoleic acid, no cholesterol, is low in saturated
fat and was identified as a potential source of CLA-rich oil through isomerizing soy oil linoleic acid to CLA.

Gangidi and Proctor (6) showed that CLA can be produced by the photo-isomerization of linoleic acid in
soybean oil by UV irradiation of the soybean oil with iodine as catalyst. Jain and Proctor (7) used a
customized process that produced a 20% CLA rich soy oil in 144 hours, the reactants and catalyst being
the same. Jain et al.(8) further developed the process for pilot-scale production, which used UV light and
iodine to photo-isomerize soy oil to CLA-rich soy oil (CLARSO) in larger quantities in 12 hours. However,
it contained 3000 ppm iodine which could not be fully removed. Hence, it cannot be readily incorporated
into foods. A new process was developed by Shah et al (9) using heterogeneous ruthenium catalyst at
high temperature under vacuum to produce approximately 20% CLARSO in 2 hours. This process
requires only filtration to remove the catalyst.
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The oxidative stability of CLA is an unresolved and controversial issue due to conflicting reports (for
example, Yang et al. 2000 and Luna et al. 2007). Therefore, studies on the oxidative stability of CLARSO
obtained by the new process would be very important. Furthermore, the CLARSO produced by
heterogeneous ruthenium catalysis has a unique CLA isomer composition (9) and therefore the relative
stability of the component fatty acids would also be of interest. There have been no oxidation studies on
CLARSO produced by heterogeneous ruthenium catalysis. Recent unpublished studies on the CLARSO
have revealed that it contains 3-9 ppm ruthenium after filtration, which may accelerate lipid oxidation if not
removed from the oil.

Therefore the objectives of this investigation were to:
(1) Determine the oxidative stability of the CLARSO and CLARSO after adsorption treatment, relative to
conventional soy oil
(2) Determine the oxidation kinetics of CLA and other CLARSO unsaturated fatty acids
(3) Identify the major TAG CLARSO fractions and differences from RBD soy oil fatty acid composition.
(4) Determine the change in CLARSO TAG fraction fatty acid composition during oxidation.
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LITERATURE REVIEW

Health Benefits of CLA:
The anti-mutagenic activity of conjugated linoleic acid (CLA) was first reported in 1985 by Pariza and his
colleagues (2). CLA has since been the subject of extensive research regarding its possible health
benefits and effects on a host of human diseases, which include anti-atherosclerotic (3), anti-carcinogenic
(10), anti-diabetic (4) and anti-obesity (5) effects. CLA was approved as generally recognized as safe
(GRAS) by the FDA in 2008.

Anti-atherosclerotic effects
Many studies have reported anti-atherosclerotic effects of CLA in animal models. CLA has antiatherosclerotic effects in rabbits. CLA fed rabbits showed significantly reduced LDL cholesterol and
plasma triglycerides after being fed a high fat diet (3). In a similar study on hamsters (11), CLA
supplementation of a hypercholesterolemic diet reduced total plasma cholesterol and non-HDL
cholesterol. Furthermore, the CLA fed hamsters showed reduced development of early aortic
atherosclerosis. The CLA used consisted predominantly of three isomers: cis-9, trans-11, trans-9, cis-11
and trans-10, cis-12 CLA. Toomey et al. (12) fed a diet supplemented with a mixture of cis-9, trans-11
CLA and trans-10, cis-12 CLA in the ratio 80:20 to mice with pre-established atherosclerosis and found
that it reduced aortic lesions by 90%. Recently, Dan et al.(13) observed the effect of supplementing a
hyperlipidemic diet with CLA isomers fed to rats on the total cholesterol (TC), triglycerides (TG), low
density lipoprotein (LDL), high density lipoprotein (HDL), superoxide dismutase (SOD) and
malondialdehyde (MDA) in their sera. Compared with those in the rats fed only the hyperlipidemic diet,
the MDA, TC and TG levels in the sera of rats given CLA were lower, while the activity of SOD and the
HDL level increased. It indicated that conjugated linoleic acid could prevent atherosclerosis. Ya Wei et al.
(14) found that CLA improved the blood lipid content and plasma fatty acid composition in aged rats. In a
study by Mitchell et al. (15), trans-10, cis-12 CLA dietary supplementation inhibited atherosclerotic lesion
development in mice. Rodriguez-Alcala et al. (16) found that CLA-enriched milk powder reversed
hypercholesterolemic risk factors in hamsters. However, some studies on the differential effects of CLA
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isomers on atherosclerosis in mice have shown that different isomers exert different physiological effects.
Arbones-Mainar et al. (17) demonstrated that cis-9, trans-11 CLA impedes, whereas t10, c12-CLA
promotes atherosclerosis in apolipoprotein E knockout mice.
A number of in vitro studies have revealed that CLA exerts several beneficial effects on the functional
properties of the various cells of the vascular wall which contribute to atherosclerotic lesion development.
Dancu et al. (18) simulated pathological hemodynamics and investigated the responses of endothelial
cells. CLA was found to mitigate pro-atherogenic gene expression profiles. Ringseis et al. (19)
investigated the action of CLA on vascular smooth muscle cells (SMCs) and found that it had antiinflammatory effects, suggesting a beneficial effect on atherosclerosis. A study by Stachowska et al. (20)
revealed that cis-9,trans-11 CLA reduced macrophage adhesion to endothelial surfaces, an important
step in atherosclerotic lesion development, while a study by Lee et al. (21) showed that trans-9, trans-11
CLA also has the same effect.

Human studies on the possible beneficial effects of CLA on atherosclerosis are relatively meager.
Furthermore, some human studies reported no effect of CLA supplementation (isomers or mixtures) on
atherosclerosis markers (inflammatory parameters, plasma lipid profile) (22, 23, 24, 25), while some
human studies even reported detrimental effects on risk factors associated with atherosclerosis (26, 27,
28, 29). This inconsistency in results of human studies may be due to the differences in CLA isomer
composition and purity. Further research is needed to determine the efficiency of CLA against
atherosclerosis.

Although no report unequivocally claims CLA to be preventive or curative for atherosclerosis, a number of
reports on animal studies do indicate potentially beneficial effects of CLA against it.

Effects on blood pressure
CLA supplementation has shown to decrease blood pressure in animals and in human trials. Nagao et al.
(30) found that the trans-10, cis-12 CLA suppressed the development of hypertension in Otsuka LongEvans Tokushima fatty rats. In another study by Nagao et al. (31), dietary supplementation of conjugated
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linoleic acid was found to alleviate hypertension in Zucker diabetic fatty (ZDF) rats. Zhao et al. (32)
reported that CLA supplementation enhanced the effects of Ramipril in relation to alterations in plasma
angiotensinogen. According to a study by DeClercq et al. (33), the trans-10, cis-12 isomer of CLA had
beneficial effects on blood pressure in hypertensive Zucker rats. Herrera et al. (34) conducted a clinical
trial to investigate the effect of dietary supplementation of calcium plus conjugated linoleic acid in
pregnant women at high risk of developing pregnancy-induced hypertension (PIH) and found that it
decreased the incidence of PIH.

Effects on the risk of myocardial infarction
Smit et al. (35) conducted clinical trials to investigate the association between cis-9, trans-11 CLA in the
adipose tissue and the risk of myocardial infarction. The study was conducted in Costa Rica, where the
pasture grazing dairy cows had high CLA content in their milk. Since the subjects consumed CLA from
milk, they also consumed saturated fat. Despite the strong risk associated with saturated milk fats, the
dairy intake was not associated with the risk of myocardial infarction, suggesting that the CLA offsets the
risk associated with saturated fats and that CLA itself reduces the risk.

Anti-carcinogenic effects
In 1985, Pariza and Hargraves (2) first reported on an anti-mutagen in fried ground beef that was later
recognized as CLA (36). CLA has since been shown to effectively prevent cancer in many animal models.

Dietary CLA (isomer composition was 50.7% trans-10,cis-12 CLA, 47.2% cis-9,trans-11 CLA), 1% wt./wt.,
fed for 30 weeks significantly decreased the incidence of colon cancer induced by 1,2-dimethylhydrazine
in 6 week old rats (37). Rats fed diets containing butter enriched in cis-9,trans-11 CLA or a mixture of CLA
isomers (0.8% w/w total CLA in diet), in free fatty acid form, for 1 month had reduced mammary epithelial
mass, size of the terminal end buds, and mammary tumor development (38). Ip et al. (39) studied the
anticancer activities of cis-9, trans-11 CLA and trans-10, cis-12 CLA isomers. They evaluated the
reduction in premalignant lesions and carcinomas in the mammary gland of rats that had been treated
with a single dose of methylnitrosourea and given 0.5% of either highly purified CLA isomer in the diet.
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Both isomers decreased the number of premalignant lesions by 35% after 6 weeks and decreased the
number of mammary tumors by 40% after 24 weeks. Chen et al. (40) investigated the effects of dietary
supplementation with cis-9, trans-11 CLA and trans-10, cis-12 CLA isomers on the incidence of
forestomach tumors in mice after inducing them with benzo[a]pyrene. The trans-10, cis-12 CLA
supplementation resulted in lower incidence of tumors than cis-9, trans-11 CLA, but the tumor size did not
differ between the isomers. In a study by Chujo et al.(41), growth of human breast cancer MCF-7 cells
treated with 10 millimoles/L cis-9,trans-11 CLA, trans-10,cis-12 CLA, or a mixture of different CLA isomers
for 4 days was reduced by 60%, 40%, and 25% respectively.

Aro et al. (42) studied the dietary patterns of Finnish patients with breast cancer, and found that a diet
consisting of CLA-rich foods may have anti-carcinogenic effects with regard to breast cancer in
postmenopausal women. Larson et.al. (43) found an inverse correlation between CLA and incidence of
colorectal cancer in Swedish women aged 40 – 76 years.

Anti-diabetic properties
CLA has shown anti diabetic effects in animal and human studies. According to a study by Houseknecht
et al. (4), feeding CLA to rats prone to diabetes normalized glucose tolerance and improved
hyperlipidemia to a similar degree as in conventional medications. These anti-diabetic effects result from
the activation of peroxisome proliferator activated receptor-γ (PPAR-γ), which has been shown to
decrease blood glucose levels and improve insulin action (44). Increasing CLA was found to have a dose
dependent transactivation of PPAR- γ and by this mechanism CLA was thought to reduce incidence of
diabetes (3). Schmidt et al. (45) reported that cis-9, trans-11 and trans-10, cis-12 CLA isomers activated
the cell surface receptor FFA1 in human pancreatic cells, which results in acute stimulation of insulin
secretion and could therefore possibly treat type 2 diabetes. Recently, Castro-Webb et al. (46) conducted
a human study to find a correlation between adipose tissue CLA concentration and the risk of diabetes
and found an inverse association between the concentration of cis-9, trans-11 CLA in adipose tissue and
the risk of diabetes. A study by Li et al. (47) found that trans-10, cis-12 CLA improved the glucose intake
of insulin resistant cells thus suggesting that it may have a beneficial effect on type 2 diabetes.
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Body composition
Body fat reduction: Animal studies suggest that CLA supplementation has positive effects on body
composition. A recent study to observe the effects of a CLA supplemented diet with physical activity in
rats concluded that the CLA supplemented diet reduced body fat accumulation with or without physical
activity (48). Anti-obesity effects of CLA are not adversely affected by dietary fat content in rats. When
both high fat and low fat diets of male rats were supplemented with the same amount of CLA, adipose
tissue deposits were significantly reduced (5).

In a recent study, the supplementation of CLA for 12 weeks in overweight and obese Chinese subjects
yielded lower obesity indices, with no apparent adverse effects (49). CLA supplementation through
microencapsulated mixed-isomer CLA had a favorable effect on glycemic control and body fat mass loss
at an earlier time in sedentary women with metabolic syndrome, although there were no effects on lipid
profile and blood pressure (50). Humans supplemented with 0.7 grams per day of CLA for 4 weeks and
then 1.4 grams per day for an additional 4 weeks displayed decreased thickness of skin folds, percentage
body fat and fat mass in the second 4 weeks (51). Conversely, supplementation of 3.4 grams per day of
CLA did not affect body weight or regaining of body fat in obese healthy subjects over a period of 1 year
(52). Some human studies on the effects of CLA on body composition are thus conflicting. This could be
attributed to isomer specific effects and dosage. According to most studies, the trans-10, cis-12 CLA
isomer is responsible for reduction in body fat (53).

Modulation of bone mass: CLA supplementation has shown to improve bone mass in animals as well as
humans. Berge et al. (54) examined the effects of feeding CLA to salmons in their mineral content and
found that it increased Calcium and Phosphorus concentrations, suggesting that CLA improved bone
mineralization. Banu et al. (55) investigated the effect of feeding CLA and exercise in mice. Their results
showed that while CLA decreased gain in body weight by 35%, it increased bone mass by both reducing
bone resorption and increasing bone formation. Furthermore, the effect of CLA on bone mass was not
enhanced by exercise. Rahman et al. (56) found that CLA supplementation increased bone mineral
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density in middle aged female mice suggesting that CLA may be able to prevent age related
osteoporosis. Rahman et al. (57) later differentiated between the effects of trans-10, cis-12 CLA and cis-9,
trans-11 CLA isomers wherein the trans-10, cis-12 turned out to be much more potent in improving bone
mass. In a clinical study involving post-menopausal women, Brownbill et al. (58) found that CLA
supplementation positively influenced bone mineral density.

Park et al. (59) analyzed data from several reports and hypothesized that dietary calcium intake affects
the ability of CLA to improve bone mass. Data published prior to this study showed that CLA
supplementation improved bone mass in many animals, but had mixed results in others. Human clinical
trials also showed inconsistent results. Statistical analysis of this data indicated a positive link between
dietary calcium levels and CLA supplementation regarding bone mass improvement. They therefore
suggested supplementing CLA and calcium to improve bone mass. Later studies have confirmed their
hypothesis. Park et al. (60) found that CLA supplementation in mice fed 1% dietary calcium significantly
increased total body ash compared to those fed 0.5% and 0.01% calcium. According to a study by Park et
al. (61), conjugated linoleic acid and calcium co-supplementation improved bone health in ovariectomized
mice, suggesting that CLA, along with dietary calcium, could prevent bone loss and weight gain
associated with menopause.

Health benefits of trans, trans CLA from CLARSO
CLA rich soy oil (CLARSO) produced by Jain and Proctor (8) contained a majority of trans, trans CLA
isomers. Gilbert et al. (62) compared the nutritional effects of feeding obese female Zucker rats with 0.5%
CLARSO to those of feeding them with a control soy oil diet. CLA lowered total and LDL serum
cholesterol without reducing HDL cholesterol. It significantly lowered total liver lipids, and thus was
effective in reducing hepatic steatosis. The glycosylated hemoglobin (HbA1c) levels were significantly
lower in the rats fed CLARSO indicating that it improved blood glucose levels. These benefits were
attributed to the trans, trans isomers (62).

CLA production:
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Biosynthesis of CLA
CLA is synthesized in ruminant animals by the rumen bacteria Butyrivibrio fibrisolvens. CLA is formed as
an intermediate in the bio-hydrogenation pathway of linoleic acid. Hydrogenating bacteria are separated
into two groups: A and B. Group A bacteria initially isomerize the linoleic acid to CLA. The CLA is then
hydrogenated to trans fatty acid, also by group A bacteria. The trans fatty acids are then hydrogenated by
group B bacteria to stearic acid (63). The final hydrogenation appears to be the rate limiting step in the
complete sequence of biohydrogenation since CLA intermediates build up in the animal's rumen.

Other microorganisms synthesizing CLA have also been reported. CLA can be produced by isomerization
of free linoleic acid by the resting cells of propionibacterium freudenreichii ssp. Shermani (64). Lactic acid
bacteria have been shown to have a multi component enzyme system to convert linoleic acid to CLA
isomers (65). CLA was reported to be found in the fungi Aspergillus (66). The de novo synthesis of trans10, cis-12 CLA in the oleaginous yeast Y. lipoytica, using glucose as the sole source of carbon was
reported by Zhang et al.(67).

Alkaline isomerization
Kim et al. (68) developed a process to synthesize CLA in free fatty acid (FFA) form from linoleic acid using
alkaline isomerization. It involved reacting linoleic acid with potassium hydroxide in ethylene glycol,
producing a high yield of CLA isomer mixture in the FFA form. The yield of CLA is very high, the product
comprising mainly of approximately equal quantities of cis-9, trans-11 CLA and trans-10, cis-12 CLA. The
advantage of this process is that CLA can be produced rapidly and in high yields. But, purification is
expensive and the final product is not in the TAG form, and therefore cannot be incorporated directly in
foods.

Zhenqiang et al. developed a process using microwave radiation to produce CLA from linoleic acid
present in corn germ oil (69). The reaction was alkaline isomerization using potassium hydroxide in glycol.
They studied the effect of process parameters such as microwave time, amount of potassium hydroxide
and amount of glycol relative to corn germ oil. Under optimum conditions (the catalyst was 0.6 times
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heavier than oil, solvent was 3 times heavier than oil and microwave worked for ten minutes at 290 W
power.), they obtained almost complete conversion (99.47%), producing 56.3 % CLA rich oil from corn
germ oil. Microwave radiation thus enhanced the alkaline isomerization reaction.

Dehydration-isomerization
Villeneuve et al. (70) used a combination of dehydration reaction and isomerization to obtain CLA in the
TAG form and in high yield from ricinoleic acid in castor bean oil. Ricinoleic acid chains formed 90% of the
castor bean oil. During dehydration, ricinoleic acid loses the hydroxy group on C-12. A double bond can
form on either side of C-12. It thus leads to a mixture of conjugated and non-conjugated linoleic acid.
Testing various catalysts and reaction parameters, they obtained maximum yields of CLA (54% of total
fatty acids) on dehydration with phosphoric acid (0.1% w/w) at 280oC for 5 hours. The product still
contained non-conjugated linoleic acid chains in TAGs which were isomerized in high yields (>98%) to
conjugated linoleic acid using Wilkinson's catalyst (RhCl(PPh3)3) in ethanol. The resulting oil contained
about 87% CLA in TAG form.

Photoisomerization of soy oil linoleic acid
Concept development: Gangidi and Proctor (6) showed that CLA can be produced from LA in soybean oil
by photoisomerization using an iodine catalyst and UV light. 200 g of RBD soybean oil was mixed with
iodine in a 250 mL beaker and the iodine in oil solution was irradiated with an overhead 100 W mercury
lamp. They used varying amounts of iodine and found that 0.25 % iodine (w/w) in RBD soy oil yields the
maximum amount of CLA. However, no CLA was formed with 0 % iodine indicating that the iodine was
essential to the process.

Laboratory scale processing: Jain and Proctor (7) performed a subsequent study to improve the yield of
the CLA using the same chemical reaction. They developed the process to use a customized, borosilicate
glass photo-irradiation system consisting of a central incubation chamber having 1 liter capacity, with a
temperature control. RBD soybean oil was irradiated using a 100 W UV/visible medium-pressure, quartz,
mercury-vapor lamp (120 V, 60 Hz) for 150 hours. They used varying iodine levels and found that the
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highest yield of 23.8 % CLA was obtained using 0.15 % iodine, w/w. The isomers formed in this oil were
1.8 % cis-9, trans-11 CLA, 1.8 % trans-10, cis-12 CLA and trans, trans CLA isomers formed 18 % of the
product. They then investigated the effect of irradiation time on the yield of CLA. CLA yields increased
linearly with the irradiation time till 200 hours. There was no further increase after 240 hours when 27.3 %
CLA was formed. This process had a considerably higher yield than that obtained in the previous study
(6), but it had a long processing time.

Pilot plant processing: Jain et al. (8) further optimized the photoisomerization process to the pilot scale in
order to produce large quantities of CLA rich soybean oil in a shorter span of time. The equipment
consisted of an illuminated laminar flow unit (ILFU) comprising borosilicate glass plates and three 450 W
UV/visible lamps, designed for maximum exposure of the soybean oil to radiation. When 0.35 % iodine
was dissolved in the CLA and it was then pumped into the ILFU and was irradiated for 12 hours, 20 %
CLA was obtained. Thus, significant amounts of CLARSO could be obtained in a relatively short span of
time using this process, without compromising the yield of CLA.

Effect of degree of soy oil refining and minor soy oil components: Jain et al. (71) found that CLA yields
improved with an increasing degree of oil refining. Alkali-refined, bleached and deodorized soy oil gave
the highest CLA yield with minimal change in peroxide value. Tokle et al. (72) studied the effect of minor
oil constituents on CLARSO production and found that tocopherols, when present up to 1400 ppm,
promoted CLA yield whereas larger amounts decreased CLA yield. Peroxides, phospholipids, free fatty
acids (FFAs) and lutein had detrimental effects on CLA yields. They also found that Magnesol ® treatment
prior to photoirradiation increased yields, due to the removal of peroxides. Yetella et al. (73) evaluated the
effect of various natural and synthetic antioxidant systems on soy oil CLA yield and oxidative stability. Soy
oil in the presence of tertiary butyl hydroxyquinone (TBHQ), mixed tocopherols (MT) alone and MT with
500 ppm of ascorbyl palmitate (AP) produced significantly greater CLA yields and improved oxidative
stability compared to a control without added antioxidants. However, 1400 ppm mixed tocopherols (MT)
produced the greatest CLA yield and also reduced PV relative to the control. The largest increase in CLA
yield was obtained with 1800 ppm of γ-tocopherols with reduced PV, which was greater that yields
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obtained with α -, γ- and δ-tocopherols.

Yetella et al. (73) investigated the effect of a combination of photoirradiation time, Magnesol® treatment
and added mixed soy tocopherols on CLA yields. Increasing the irradiation time increased the CLA yields.
They subjected the oil to various treatments in-between irradiation periods and found that Magnesol®
adsorption treatment along with mixed tocopherol addition improved CLA yields significantly. Magnesol®
adsorption produced the highest CLA yield while addition of iodine decreased the CLA yields compared to
that in the control with no treatment in-between the irradiation period. The high CLA yields in case of
Magnesol® treatment were attributed to removal of hydroperoxides. The decrease in CLA yields due to
iodine addition was probably due to the formation of hydroperoxides by the pro-oxidant effect of iodine.

Linoleic acid rich soy oils: Gammill et al. (74) compared CLA rich oils produced by photoisomerization of
soy, flax, sunflower, corn and high-LA safflower oils with respect to CLA yield and oxidative stability. HighLA safflower oil produced the highest yield of CLA, which was slightly greater than that obtained with soy
oil, followed by corn oil. Flax oil produced a very little CLA, while sunflower oil produced none. The
oxidative stabilities of high-LA safflower oil and soy oil were similar before and after irradiation. It was
concluded that high-LA safflower oil and soy oil were the most suitable for high CLA production.

Isomerization kinetics: Jain and Proctor (75) conducted a kinetics study on the photoisomerization of soy
oil linoleic acid using a customized photoirradiation system (7). They proposed a two-step series reaction
pathway, in which soy oil LA was first converted to mostly cis-9,trans-11 and trans-10,cis12 CLA while a
small portion of it was converted to trans-9,cis-11 and cis-10,trans12 CLA. In the second step these were
then converted to more stable trans, trans isomers(8t,10t CLA, 9t,11t CLA, 10t,12t CLA) in the second
step. The disappearance of linoleic acid followed second order kinetics with a rate constant 9.01 × 10

-7

L/mol-s, while the formation of trans, trans isomers was found to be a first order reaction with a rate
constant 1.066 × 10 -6 mol./L-s. The rate of formation of cis, trans and trans, cis CLA isomers from LA
depended upon the concentration of LA. The consumption of LA was found to be the rate governing step.
Therefore to obtain more of these isomers, maintaining a high concentration of LA was suggested, which

12

could be achieved in a continuous reaction system.

Metal catalysed LA isomerization to CLA
Banni et al. (76) found that partially hydrogenated oil contained conjugated linoleic acid isomers. Bernas
et al. (77) conducted a comprehensive study on the isomerization of linoleic acid over supported metal
catalysts that included: Ru, Ni, Pd, Pt, Rh, Ir, Os, and bimetallic Pt-Rh catalysts. Hydrogenation of linoleic
acid and CLA to monounsaturated octadecenoic acids, as well as the further hydrogenation of
monounsaturated acids to stearic acid were found to compete with isomerization. Ru and Ni showed
highest yields of CLA. They found that catalyst pre-activation with hydrogen enhanced isomerization.
Cizmeci et al. (78) reported formation of CLA during hydrogenation of soy oil using ruthenium on carbon
support. Philippaerts et al. (79) designed ruthenium based zeolites to produce CLA methyl esters from
methyl linoleate without hydrogen in a solution of n-decane.

Metal catalyzed isomerization of LA in soy oil: Jung and Ha (80) performed a quantitative analysis of CLA
isomers formed by selective and non-selective partial hydrogenation in soy oil. They reported that large
quantities of CLA in soybean oil were formed during selective hydrogenation processes using a Ni
catalyst at around 215oC and 0.5 kg/cm 2 of hydrogen pressure. The CLA isomers in the oil initially
increased with hydrogenation time, reached a maxima at 210 minutes and then decreased. After 210
minutes, a maximum CLA yield of 98.27 mg per gram of oil was obtained. Jin Woo Ju and Mun Yhung
Jung (81) examined the effect of the amount of Ni catalyst and added sulfur in the hydrogenation process
reported by Jung and Ha (80). The optimal ratio of sulfur to nickel for CLA formation was found to be
0.06:1.

Shah and Proctor (9) developed a process to produce CLA rich TAG oils from vegetable oils rich in
linoleic acid by heterogeneous catalysis, without hydrogenation or pre-activated catalysts. They
experimented with various metals and reaction conditions. When 0.64 % (wt. /wt.) ruthenium catalyst was
used at 240 oC under vacuum, 20 % CLA was obtained (9). The reaction can be carried out under
commercial deodorizer conditions, which is very commonly used in manufacturing vegetable oil. The
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catalyst can be completely separated from the reaction mixture easily once the reaction is complete.

CLA commercial sources
CLA is commercially available in the form of Tonalin® CLA, which is a patented product of Cognis
(Cincinatti, OH). Tonalin® CLA is manufactured by isomerization of linoleic acid in safflower oil by means
of a confidential, patented process. Tonalin® is available in several different forms, all of which contain
equal amounts of cis-9, trans-11 CLA and trans-10, cis-12 CLA isomers. All these different forms are
designed for different applications in the industry. For instance, Tonalin®TG80 is an oil, and contains about
80% CLA in the triglyceride form. Tonalin® SG 1000C comes in an oil in gel capsule form, and it contains
about 80 % CLA in the free fatty acid form. Tonalin® FFA 80 is an oil that contains 80 % CLA, in the free
fatty acid (FFA) form. Tonalin® 40WDP is a powder that contains about 40 % CLA. In this study, Tonalin®
TG80 is used since it has CLA in the triglyceride form and is therefore comparable to CLARSO.

Lipid Oxidation:
Triplet and singlet oxygen
Molecular oxygen exists as triplet oxygen (3O2) or singlet oxygen (1O2) forms. In triplet oxygen, the two 2p
π anti-bonding orbitals have one electron each, both with parallel spins in different orbitals. This is a more
stable configuration than in singlet oxygen, where there are two electrons with opposite spin in one 2p π
anti-bonding orbital while the other is empty. Oxygen in ambient air is present in the stable triplet form. It
reacts readily with free radicals due to the unpaired electrons. The reaction of lipids with triplet oxygen
proceeds by a chain reaction known as autoxidation. However, singlet oxygen is not stable and requires a
photosensitizer molecule to excite the triplet oxygen to the singlet state in order to be produced. Singlet
oxygen is highly electrophilic, due to the empty anti-bonding orbital, and reacts readily with alkenes by
electrophilic addition. Soybean oil may contain traces of chlorophyll which is an excellent singlet oxygen
sensitizer. However, it is removed when the oil is refined, bleached and deodorized.

Triplet oxygen oxidation
Triplet oxygen oxidation proceeds by reaction with lipid radicals in a process known as autoxidation.
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Oxidation begins when a free radical forms on a carbon adjacent to the double bond(s). This is known as
the initiation step of the chain reaction and is followed by the propagation and termination steps.
General Scheme: LH : Lipid ; L• : Lipid Radical; H• : Hydrogen Radical; A : Antioxidant
Initiation:

LH

→

L•

+

H•

In initiation, homolysis of a covalent C-H bond leads to the formation of a lipid radical ( L. ) and a hydrogen
radical ( H . ). This time is the lag phase where there is no peroxide change or lipid substrate weight
change.
Propagation:

L• + O2

→

LOO• +

→

+

LH

LOOH

LOO•
L•

During propagation, the lipid radical undergoes oxidation by triplet oxygen forming a peroxy radical (LOO •
) . Peroxy radicals promote the abstraction of hydrogen from another lipid radical, forming
hydroperoxides. The resultant lipid radical then forms another peroxide radical. In this manner, oxidation
is propagated from one lipid molecule to another, leading to hydroperoxide formation. Hydroperoxides are
formed very quickly once propagation begins (), and are a primary oxidation product. This is accompanied
by a weight increase of the lipid substrate due to incorporation of oxygen.

Termination:
LOO •
LOO •

+
+

L•

+

LOO •
L•

→

L•
→

→
LOOL

LL
+ O2

LOOL

L • + A → LH

Termination occurs when the lipid radical concentrations reach high levels so that the radicals combine
with each other.
Radical scavenging antioxidants act by scavenging free radicals such as lipid radicals and lipid peroxy
radicals to reverse radical formation during either initiation or propagation. The antioxidants do not react
further as they are resonance stabilized.
Primary oxidation products
Hydroperoxides are primary oxidation products and are formed during propagation when lipid peroxy
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radicals abstract a hydrogen from another lipid, also forming a lipid radical. The lipid radical reacts with an
oxygen molecule, subsequently forming another hydroperoxide and thus the chain reaction goes on. The
position of the hydroperoxide group on the lipid molecule depends on where the radical is formed on the
lipid molecule. For example, in linoleic acid, the carbon radical forms at C11. Due to resonance
stabilization, the unpaired electron gets delocalized. Two canonical structures are possible. Thus, three
isomeric hydroperoxides form from the three free radicals radicals, as shown in the following structures:

Figure I: Formation of hydroperoxides from three free radical intermediates

Methods for measurement of primary oxidation products:
Weight gain: The weight of oil increases due to the consumption of oxygen during oxidation. This is an
indicator of the level of oxygen. Oil samples are weighed and stored in an oven at a fixed temperature
without any air circulating. Every sample is taken out of the oven for reading, cooled to ambient
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temperature and weighed. The change in weight indicates the level of oxidation.

Headspace Oxygen uptake: In this technique, the loss of oxygen is calculated by means of measuring the
loss of oxygen pressure. An oil sample is placed in a tightly closed vessel containing some oxygen at a
particular temperature, usually greater than room temperature. The oxygen reduction in the vessel is
continuously monitored. It is simple and reproducible.

Peroxide value: Hydroperoxides are the primary oxidation products, which may breakdown to secondary
oxidation products. However, during initial stages, the primary oxidation is dominant. Therefore, peroxide
value is useful to measure initial oxidation. Additionally, different stages of oxidation: growth and decay
can be monitored using this method. The AOCS official method is used to measure peroxide value (82).
Peroxide value may also be measured using a small scale adaptation of the AOCS Official method (83).
Accordingly, a 0.001 N sodium thiosulfate solution may be prepared and standardized according to the
AOAC method #942.27. The weight of the sample used should be 0.5 g. All the other reagents should
also be 10 % of their respective quantities mentioned in the AOCS official method.

Conjugated diene measurement: Polyunsaturated fatty acids (PUFA) form conjugated diene
hydroperoxides as primary oxidation products. Conjugated dienes absorb at 234 nm. An increase in UV
absorption at 234 nm therefore indicates the formation of hydroperoxides in these oils. This is a nondestructive method and requires only a small amount of sample. However, it is insensitive in case of
conjugated linoleic acid and other conjugated lipids.

Secondary oxidation products:
The hydroperoxides form an alkoxyl radical and decompose into secondary oxidation products due to
carbon-carbon bond scission occurring on both sides of the hydroperoxide group. This is illustrated by the
following example of methyl linoleate.
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↓Scission at C12 – C13 bond

↓Scission at C13 – C14 bond

Figure II: Possible secondary oxidation products of methyl linoleate

Aldehydes are volatile secondary oxidation products that render the lipids rancid. Furthermore, they are
toxic compounds. They are therefore the primary focus of measurement methods for secondary oxidation
products.

Methods for the measurement of secondary oxidation products
P-anisidine value : The p-anisidine value method measures the content of aldehydes generated during
oxidation. It is based on the color reaction of p-anisidine and the aldehydic compounds under acidic
conditions: the reaction leads to yellow products that absorb at 350 nm. The p-anisidine value is defined
as the absorbance of the solution resulting from the reaction of 1 g of lipid in isooctane solution with panisidine (0.25 % in glacial acetic acid). P-anisidine value may be determined using AOCS official method
Cd 18-90. Accordingly, 2 grams of oil must be weighed into a 25 mL volumetric flask, and the weight must
be recorded. The oil should be dissolved and diluted to volume using hexane. The absorbance (Ab) of
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this solution must be measured at 350 nm by a spectrophotometer with the solvent serving as blank
measurement. 5 mL of the oil solution must be transferred into an amber vial and 5mL of the solvent must
be transferred into a second amber vial. Exactly 1 mL of p anisidine must be added to each vial, and the
vials must be covered and shaken violently. They should be left to react for exactly 10 minutes and the
absorbance (As) of the oil containing solution should be measured, with the solvent serving as the blank.
Mathematically, the p anisidine value (pAV) may be expressed as:

p−AV

=

25×(1.2As−Ab)
wt of the sample

Total carbonyls: The analysis of carbonyl compounds, which are secondary oxidation products, is another
technique to test the level of oxidation. The total carbonyl content can be measured by a colorimetric 2,4
dinitrophenylhydrazine (2,4 DNP) procedure. 2, 4 - DNP forms oximes with carbonyl compounds that
absorb at a given wavelength. However, one major shortcoming is the degradation of hydroperoxides due
to reagents, leading to misleading results.

Gas chromatography: Gas chromatography is used to measure the volatile compounds which are
secondary oxidation products accurately. Fatty acid composition can also be measured by analysis of
methyl esters. Sampling method and detector type is varied according to the compounds being analyzed.

Fatty acid determination
Preparation of FAMEs: Fatty acid methyl esters (FAMEs) can be prepared according to the method by
Christie et al. (84). Accordingly, 0.1 g of the oil sample is weighed into a 25 mL centrifuge tube and 500 µL
of 1 % heptadecanoic acid methyl ester, 2 mL toluene and 4 mL of 0.5 M sodium methoxide in methanol
is added to the centifuge tube and then purged with nitrogen gas. The centrifuge tube is then heated to 50
oC for 10-12 minutes and then cooled for 5 minutes, after which 200 µL glacial acetic acid is added. 5 mL
of each of water and hexane is then added to the centrifuge tube and is vortexed for 2 minutes. The
hexane layer is extracted and filled in 7 mL vials containing anhydrous sodium sulfate. The methyl esters
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will be present in the hexane.

GC-FID analysis of FAMEs: Methyl esters may be analyzed according to the method of Ma et al (85) by
using GC-FID. Commercial CLA methyl ester, methyl linoleate and mixed methyl fatty esters are used as
standards. The CLA concentration is calculated using the following equation:

CLA concentration =

Internal standard concentration x peak area x relative response factor
internal standard peak area

Oxidative stability of CLA:
Oxidative stability of CLA relative to other acids
CLA in free fatty acid (FFA) form was found to have a greater rate of oxidation than linoleic acid in a
number of studies.(86, 87, 88). The study by Yang et al. (88) found that a mixture of 12 CLA isomers in
FFA form had a greater rate of oxidation than linoleic acid. Contrary to these, Luna et. al. (89) studied the
fatty acid loss during oxidation of CLA methyl ester and reported that it was lost less than linoleic acid
methyl ester. However, in mixtures with linoleic acid, they reported a greater loss of CLA than linoleic acid.
According to a study by Zhang and Chen (87), CLA had a greater rate of oxidation compared to linoleic
acid, linolenic acid, arachidonic acid and similar to docosahexanoic acid in both FFA and TAG forms.
Thus, inspite of being equal to linoleic acid in terms of unsaturation, it had oxidation rates greater than
even arachidonic acid. This could be due to the higher susceptibility of the conjugated double bond
system compared to the non-conjugated double bonds. Yetella et al. (90) examined the effect of added
CLA and iodine concentrations on the oxidative stability of CLARSO produced by the pilot scale
processing method (8). Iodine promoted oxidation to a greater extent than CLA. Oxidation was
independent of the iodine level but increased with CLA concentration. CLA added was in the TAG form.

Comparison of oxidative stabilities of CLA isomers
The oxidation rate of CLA was found to vary between its individual isomers, when Yang et al. (88)
compared the oxidative stability of 12 free fatty acid positional isomers of CLA with linoleic acid. The 12
CLA isomers included 4 each of the trans, trans, cis, trans and cis, cis isomers. The trans, trans isomers
were found to be the most stable, followed by cis, trans and cis, cis were the least stable. The study
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concluded that while there was little or no difference between the stabilities of positional isomers in each
group, the geometrical isomerism played an important role in the stability. Minemoto et al. (91) compared
the oxidative stabilities of trans-10, cis-12 CLA and cis-9, trans-11 CLA in their FFA forms by measuring
the residual unoxidized substrate in thin films exposed to air. They found that trans-10, cis-12 CLA
oxidized faster than cis-9, trans-11 CLA. This was confirmed in a similar study by Tsuzuki et al. (92).

Secondary oxidation products
Martinez et al. (93) investigated the volatile products of CLA oxidation in a commercial CLA preparation (
Tonalin® TG 80 ) and those of linoleic acid in purified safflower oil. Tonalin® TG 80 and safflower oil
contain comparable amounts of CLA and linoleic acid respectively, making them acceptable for
comparison. Hexanal and pentanal were present in both. However, heptanal and trans-2-nonenal were
found in CLA oxidation which were absent in the oxidation of safflower oil and which are not products of
linoleic acid oxidation in general. The formation of hexanal and pentanal can be explained from the
expected major 13-hydroperoxides formed in both cis-9, trans-11 CLA and trans-10, cis-12 CLA since
both isomers are present in equal amounts in Tonalin. Heptanal could come from β-scission of the alkoxyl
radical formed from 12-hydroperoxy- trans-8, trans-10-octadecadienoate, in turn reported to be one of the
hydroperoxides formed in oxidised cis-9,trans-11 CLA (94). Trans-2-nonenal would be a product derived
from the 10 hydroperoxy-trans-8, trans-11-octadecadienoate or 10-hydroperoxy-trans-8, cis-11octadecadienoate in oxidised cis-9, trans-11 CLA, and it has been reported such hydroperoxides are
unlikely to be formed because of the instability of the resonance structures in which double bonds are not
conjugated in the pentadienyl radicals (94). Yurawecz et al. (95) proposed an alternative route for the
formation of volatile products of CLA oxidation. They postulated that CLA may undergo 1,2-cycloadditions
with oxygen, resulting in dioxetanes that would lead to formation of volatile products heptanal and 2nonenal and that heptanal would be a scission product of a 11,12- dioxetane, whereas 2-nonenal would
result from the scission of 9,10-dioxetane.

Yetella et al. (90) compared the oxidative stability of CLA rich soy oil, produced by photoisomerization
using iodine with various combinations of CLA, soy oil and iodine. They obtained trans-2-heptenal and
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pentanal in amounts much greater than that in soy oil and heptanal in greater concentration in all the CLA
containing oils. However, the CLA rich soy oil also had iodine which is known to influence oxidation. It
therefore cannot be compared to other similar studies although there is much similarity in the volatile
oxidation products obtained in this study and those obtained in others.
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CHAPTER 1

Oxidative stability of conjugated linoleic acid rich soy oil obtained by heterogeneous catalysis.

Saurabh Ravindra Lele, Andrew Proctor, Chuan Min Ruan
ABSTRACT

A CLA rich-soy oil (CLARSO) has been produced by heterogenous catalysis. This oil may provide
significant health benefits. The objectives of this study were: (1) To determine the oxidative stability of the
CLARSO and CLARSO after adsorption treatment, relative to conventional soy oil, in terms of primary
and secondary oxidation products and (2) To determine CLA and other unsaturated fatty acids oxidation
kinetics in the CLARSO. Primary and secondary oxidation products were measured in CLARSO and soy
oil samples kept at 50oC in the dark. The CLARSO was less stable than soy oil but bleaching improved its
oxidative stability. The induction times were dependent on the analytical method used. Fatty acid
oxidation kinetics was determined by measuring each fatty acid and hydroperoxides in CLARSO at 52 oC,
61 oC and 69 oC in the dark. Unsaturated fatty acids oxidation rate constants, activation energies and
frequency factors were obtained by the Arrhenius equation. Kinetics studies showed that CLA isomers
had higher rate constants, higher activation energies and higher frequency factors than linoleic acid which
showed that the CLA isomers had more molecular collisions with oxygen than linoleic acid.

KEYWORDS:
Conjugated linoleic acid, Oxidative stability, Oxidation kinetics, Arrhenius equation, GC-FID, Peroxide
value, Heterogeneous ruthenium catalysis.

INTRODUCTION
The term 'conjugated linoleic acid’ (CLA) refers to a group of positional and geometrical isomers of linoleic
acid having two conjugated double bonds at various carbon positions in the fatty acid chain. A multitude of
health benefits associated with CLA consumption have been discovered in recent years, such as anticarcinogenic, anti-atherosclerotic and anti-obesity effects (1). CLA is found in beef and dairy products of
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ruminant animals, but is not enough to realize health benefits under normal levels of consumption (2).
Increased CLA intake through greater intake of meat and dairy products would also increase dietary
saturated fat and cholesterol, which would be undesirable. Therefore, there is a need for food which
contains sufficient CLA to provide enough daily CLA without high levels of saturated fat or cholesterol.
Soy oil contains 50% linoleic acid, and can therefore be used to produce CLA by isomerization.
Furthermore, it contains no cholesterol, is low in saturated fat, cheap and widely available. Jain et al. (3)
and Proctor and Shah (4) developed methods to produce about 20 % CLA in CLA rich soy oil (CLARSO)
from soy oil.
The oxidative stability of CLARSO is of concern since it is largely composed of polyunsaturated fatty
acids that also include CLA. Reports of CLA fatty acids and CLA ester oxidative stability are not
consistent. Zhang and Chen (5) found that CLA free fatty acid (FFA) and triacylglycerols (TAGs) oxidized
much faster than linoleic acid (LA) at 90 oC, upon measuring lipid breakdown. Chen et al. (6) showed that
CLA free fatty acids were more vulnerable to decomposition at 90oC in air than LA. Contrary to these
reports, Luna et al. (7) found that CLA methyl ester was more stable compared to methyl linoleate when
they studied fatty acid loss during oxidation of CLA methyl ester. However, when present in a mixture with
methyl linoleate, CLA methyl esters had lesser stability. In a study by Giua et al. (8), CLA showed lower
peroxide values than linoleic acid, in methyl ester, free fatty acid and TAG forms, measured using the
FOX spectrophotometric assay (9) in a heating treatment to model frying conditions. Suzuki et al. (10)
found that CLA ethyl ester had a higher oxidative stability than LA esters in the bulk phase at 50°C.
Differences in the experimental conditions (temperature, light, availability of oxygen), chemical form and
composition of mixtures may be responsible for these inconsistent findings. Therefore, a study of CLArich oil oxidative stability would be useful.
Jain et al. (3) developed a photo-isomerization process to obtain 20 % CLA in a CLA-rich soy oil
(CLARSO) from a homogeneous mixture of soy oil and iodine. However, the iodine could not be
completely removed from the oil in subsequent processing. Oxidation of the CLARSO produced using
iodine was studied by Yettella et al. (2). The results were dependent on the analytical method used to
monitor oxidation: while the gravimetric study indicated a decrease in oxidative stability with increasing
CLA levels in CLARSO, headspace oxygen and peroxide value did not show any differences in oxidation
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with different CLA levels. But both methods showed significant differences between the oxidation levels in
CLARSO and soy oil. While p-anisidine value did not show any trend for any oil treatment, volatile
oxidation data showed that CLARSO produced significantly greater amounts of pentanal and trans-2heptenal than soy oil. However, there were no effects of CLA levels on the amounts of volatiles,
suggesting that in CLARSO residual iodine had a much greater effect than CLA levels on oxidation.
Therefore, Yettella et al.(11), then studied the effects of CLA levels and Iodine concentration on CLARSO
oxidative stability and demonstrated that iodine diminished the CLA concentration effect i.e. the rate of
oxidation was constant in the presence of iodine and independent of CLA concentration.
Proctor and Shah (4) recently developed a process that used a heterogeneous ruthenium catalyst
at high temperature under vacuum to produce approximately 20% CLA in CLARSO within 2 hours. The
catalyst was removed by filtration. The oil composition differed from that in the iodine catalyzed oil (3) in
terms of constituent fatty acids with more c, t and t, c CLA isomers than in iodine catalyzed oil, which
comprised of mostly t, t CLA isomers. Recent unpublished studies on the CLARSO showed that it
contains about 3 to 9 ppm ruthenium after filtering the catalyst, before adsorption processing. Since the
oxidative stability of this oil has not yet been studied a comparison to soy oil would be helpful.
Furthermore, determining the oxidation kinetics of CLA relative to other unsaturated fatty acids in the
CLARSO would help in quantitative differentiation of oil fatty acid oxidative stabilities and the contribution
of each fatty acid to the overall oxidative rancidity.
The specific objectives of this study were to: (1) Determine the oxidative stability of the CLARSO and
CLARSO after adsorption treatment, relative to conventional soy oil (2) Determine the oxidation kinetics
of CLA and other CLARSO unsaturated fatty acids

MATERIALS:
Commercial refined, bleached and deodorized (RBD) soy oil without added antioxidants was
obtained from Riceland Foods (Stuttgart, AR) containing 52 % linoleic acid and 6 % linolenic acid.
Ruthenium on a carbon matrix support with 5 % wt/wt loading (product no. 206180, Sigma Aldrich, St.
Louis, MO) was used as the catalyst for heterogeneous catalysis to produce CLA rich soy oil from RBD
soy oil (4). Heptadecanoic acid (17:0) methyl ester (Sigma Aldrich, St. Louis, MO) was used as the
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standard for GC- FID analysis. Bleaching adsorbent clay select 350 was obtained from Oil Dri corp.
(Chicago, IL).

METHODS:

Determination of the oxidative stability of the CLARSO and CLARSO after adsorption treatment,
relative to conventional soy oil:
Production of CLA rich soy oil (CLARSO): CLARSO was produced from RBD soy oil (Riceland Foods,
Stuttgart, AR) using the method described by Proctor and Shah (4), which was adapted from the lab
scale deodorization unit, as described by Bailey and Feuge (12) for heterogeneous catalysis. A 0.64 %
dose of Ru catalyst (product no. 206180, Sigma Aldrich, St. Louis, MO) was used for the heterogeneous
catalysis. The processing was carried out under vacuum (1-2 mm Hg pressure).
Adsorption processing: CLARSO was adsorption processed with 3 % select 350 Oil Dri adsorbent clay
for 30 minutes using the deodorization assembly adapted from Bailey and Feuge (12) under 1 mm Hg
vacuum. The oil and clay mixture was then filtered. This treatment was intended to reduce the residual
ruthenium levels in the CLARSO.
Control: A control RBD soy oil was deodorized using an adaption of the method by Proctor and Shah (4)
i.e. in the absence of ruthenium catalysis.
Ruthenium analysis: Measurement of ruthenium (Ru) in CLARSO samples was outsourced to Laboratory
Testing Inc, Hatfield PA. Measurements were done in triplicate, using the following procedure (obtained
from personal communications). A 1 gram sample of oil was weighed into an oxygen bomb for digestion.
The digestion was transferred to a 100ml volumetric flask and 5ml of nitric acid and 5ml of hydrochloric
acid were added. The sample was then analyzed for ruthenium content on a Thermo Fisher iCAP Qc ICPMS (13). Internal standard used was obtained by interpolation using

49Sc, 115In, 159Tb, 238U

standards.

Limit of detection (LOD) and limit of quantitation (LOQ) for ruthenium were 0.002 ppm and 0.007 ppm
respectively. Soy oil contained no ruthenium while the CLARSO treatments before and after adsorption
processing contained 4.5 + 0.2 ppm and 1+ 0.1 ppm respectively.
Gravimetric analysis of lipid oxidation during accelerated storage: Control deodorized RBD soy oil,
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CLARSO and an adsorption processed CLARSO were the oil treatments used in this study. Oxidation of
oil samples was monitored using the method described by Proctor and Bowen (14). Triplicate 500 mg of
the oil sample from each treatment were weighed into aluminum weighing pans and initial weights were
recorded. The weighing pans were stored in an oven at 50 oC for 10 days. Samples were weighed every
24 hours.
Measurement of primary (PV) and secondary (p-AV) oxidation products during accelerated storage:
Control deodorized RBD soy oil, CLARSO and an adsorption processed CLARSO were the oil treatments
analyzed in this study. The initial peroxide value (15) and p-anisidine value (16) of the oils were
determined. Then, thirty 5 g aliquots of each oil treatment were weighed into 10 mL amber colored glass
vials, crimp capped with rubber septa and stored in the dark at 50 oC for 10 days. Triplicate vials were
sampled daily from all three treatments. Peroxide value and p-anisidine value were then determined.
Statistical analysis: All data was analyzed by analysis of variance (ANOVA) and mean comparisons were
done by a student's t-test (p value < 0.05) using JMP 9.0 (SAS Institute Inc., NC).

Determination of the oxidation kinetics of CLA and other CLARSO unsaturated fatty acids

Kinetics of CLARSO oxidation was determined only in samples not subject to adsorption processing, as
preliminary unpublished studies showed that soy oil and CLARSO obtained after removal of ruthenium
did not show any significant changes in fatty acid composition at 50 oC after several days. Therefore,
ruthenium was retained in the CLARSO samples to accelerate the oxidation of fatty acids and enable
comparison of CLA isomer and other unsaturated fatty acid oxidative stabilities in CLARSO. A separate
batch of CLARSO was obtained for this section, using the method described by Proctor and Shah (4).
Ruthenium analysis:
Measurement of ruthenium (Ru) in CLARSO was done in triplicate as shown in the previous section. The
CLA rich soy oil contained 8.8 + 0.3 ppm ruthenium.
Oxidation study:
Fifteen 2 g aliquots of each oil treatment were weighed into aluminum pans. The pans were stored in the
dark in an oven at 52 oC, 61 oC and 69 oC for 96 hrs, 60 hrs and 24 hrs respectively. Triplicate pans were
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sampled periodically to determine fatty acid levels and corresponding peroxide value. Rate constant of
oxidation of unsaturated fatty acids in CLARSO at each temperature were then obtained.
Fatty acid analysis:
For determination of fatty acid content in CLARSO, samples were prepared as FAMEs in triplicate, by a
base-catalyzed method (17). Accordingly, for each oil sample, one hundred milligrams of oil was weighed
into a 50-mL centrifuge tube and 0.5 mL of 1% solution of heptadecanoic acid methyl ester (17:0, internal
standard) in hexane was added followed by 2 mL of toluene and 4 mL of 0.5 M sodium methoxide in
methanol. The centrifuge tube was heated to 50 °C for 10 minutes and then cooled at room temperature
for 5 min. To inhibit formation of sodium hydroxide, which could hydrolyze methyl esters to free fatty acids,
0.2 mL of glacial acetic acid was added to the centrifuge tube. 5 mL of distilled water was added to the
centrifuge tube followed by 5 mL of hexane, and the tube was vortexed (Model VM-3000, VWR,
Thorofare, NJ) for 2 min. The hexane layer was extracted and dried over anhydrous sodium sulfate in a 7mL glass vial, prior to methyl ester analysis.
Methyl esters thus prepared were analyzed by gas chromatography (GC) (18) using an SP 2560 fused
silica capillary column (100 m x 0.25 mm i.d. x 0.2 µm film thickness; Supelco Inc., Bellefonte, PA) with a
flame ionization detector (FID) (Model 3800,Varian,Walton Creek, CA). Duplicate 2-µL samples prepared
in hexane were injected by an autosampler CP8400 (Varian) and gas chromatograms were collected by
Galaxie Chromatography Workstation 1.9.3.2 (Varian). Fatty acid concentrations were calculated by the
following equation:

Isomer concentration =

Internal standard concentration x peak area x relative response factor
internal standard peak area

Plots of millimoles of fatty acids per 2g sample in aluminum pan were then obtained.
Chemical kinetic analysis:
Minemoto et. al. (19) used a slightly modified form of the following equation proposed first by Bolland (20)
for ethyl linoleate to describe the kinetics of lipid oxidation of trilinolein and trilinolenin:
Rate = k[R′OOH][R]

[O2]
λ+[O2]

………………………………………………..…………...(1)
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where [R] is the amount of fatty acid substrate remaining, k is rate constant of autoxidation, [R′OOH] is
the amount of hydroperoxides formed, [O2] is the amount of Oxygen, λ is a constant dependent on the
system. Since CLA rich soy oil is composed of TAGs containing several polyunsaturated and
monounsaturated fatty acids apart from CLA isomers, we investigated the applicability of Eq. 1 to data for
oxidative degradation of fatty acids in CLARSO samples by obtaining a solution to it using integration as
follows:
Rate = −

d[R]
dt

= k[R′ OOH][R]

[O2]
λ+[O2]

…….……………………………………………………(1)

Assuming constant supply of oxygen to oil in open pans:
−

d[R]
dt

= k′[R′ OOH][R] ………..……………………………………………………………….(2)

Separating the variables, integrating and applying limits to the definite integrals:
Ln (

[R]0
[R]t

𝑡

) = k ′ ∫0 [R′OOH] dt............................................................................................(3)

Values of [R]o and [R]t were obtained from data on fatty acid decline. We approximated the values of the
definite integral on the right hand side of Eq. 3 by the areas under peroxide value curve between the
onset of oxidation and various time points t.
Arrhenius plots of oxidation reactions: Arrhenius plots for oxidation of unsaturated fatty acids in the
CLARSO were obtained by plotting logarithms of rate constants against reciprocal of temperature, to test
applicability of the data to the Arrhenius’ equation:
−Ea

k′ = Ae RT ……………………………………………………………………...………………(4)
Statistical Analysis: All data was analyzed by analysis of variance (ANOVA) and mean comparisons were
done by a student's t-test (p value < 0.05) using JMP 9.0 (SAS Institute Inc., NC).

RESULTS AND DISCUSSION

Determination of the oxidative stability of the CLARSO and CLARSO after adsorption treatment,
relative to conventional soy oil:
Gravimetric analysis of lipid oxidation: Fig. 1 shows the relative weight changes of the three oil
samples at 50 oC. The control weight did not change but the weight of CLARSO with 4.5 ppm Ru
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increased significantly after a 1 day induction period. The Induction time of CLARSO with 1 ppm
ruthenium was 6 days. Thus, decreasing the Ru content from 4.5 ppm to 1 ppm significantly increased the
oxidative stability of CLARSO, but was still much less stable than the conventional oil at the same
temperature.
Peroxide Value (PV): There was no change in PV of the control oil, which remained close to 0 (Fig. 2).
The PV of untreated CLARSO with 4.5 ppm Ru had no lag phase. However the PV did not rise a great
deal but oscillated between 4 mEq/ kg to 7 mEq/kg, suggesting that peroxides were breaking down as
they were formed. However, the PV of adsorption treated oil with 1 ppm Ru had a longer lag phase of 2
days before a rapid increase to values much higher than those seen in untreated CLARSO. This was
probably because ruthenium, a transition metal, catalyzes both hydroperoxide formation by autoxidation
and hydroperoxide decomposition (21). The gravimetric data showed a much greater difference between
the lag phases of the CLARSO samples, with both having similar weight increases after the lag time.
Although the primary oxidative stability lag phase data (Fig. 1 and Fig. 2) are determined by the analytical
method used, the relative stability of the oils is independent of the method.
p-Anisidine value (p-AV) : The p-Anisidine value (pAV) for the control was relatively stable, as were the
primary oxidation products, with a slight drop after day 6 (Fig. 3). The p-AV of untreated CLARSO
containing 4.5 ppm Ru increased steadily over the incubation period, probably due to the Ru catalyzing
both formation and degradation by peroxides, as previously discussed. This would explain the low p-AV
levels obtained with adsorption processed CLARSO containing only 1 ppm ruthenium which increased
only slightly during 10 days.
However, pAV method detects 2-alkenals and 2,4-dienals only (16). Other volatile secondary oxidation
products may be present in all oil treatments. Yettella et al. (2) reported the presence of hexanal,
pentanal, heptanal and octanal in CLARSO after 5 days of storage at 75 oC, which are not detected
through measuring pAV (16). The pAV data of CLARSO in this report therefore does not likely give a
complete picture of secondary oxidation products. Further analysis of volatile secondary oxidation
products formed in the CLARSO would be useful.
The analytical method to measure primary oxidation affects the lag phase data. However, soy oil was the
most stable throughout, with the Ru being a proxidant affecting formation and decomposition of
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peroxides, but it can be reduced by adsorption. Levels of Ru must be reduced much below 1ppm for food
use but its presence was useful in observing effects of ruthenium concentration on CLARSO oxidation.

Determination of the oxidation kinetics of CLA and other CLARSO unsaturated fatty acids:

Oxidation study: Fig. 4 shows the composition of the CLARSO at 52 oC in terms of six major unsaturated
fatty acids expressed in millimoles per 2 g oil sample in aluminum pans. All the unsaturated fatty acids
declined sharply with the exception of oleic acid. Oleic acid is more stable than other unsaturated fatty
acids (22). With a rise in the temperature to 61 oC (Fig. 5), CLA and linolenic acid completely oxidized in 2
days while some linoleic acid prevailed. At 69 oC, (Fig. 6), all the fatty acids oxidize at a rate faster than
those in 61 oC and 52oC, however both CLA and linolenic acid do not oxidize completely within the
incubation period (1 day).
These results agree with the findings from the TAG study by Zhang and Chen (5), in which CLA was
found to be less stable than linolenic acid, arachidonic acid and linoleic acid in a mixture of TAGs of
polyunsaturated fatty acids. Since CLA is the least stable, it likely contributes the most to the overall
oxidative instability, making the CLARSO less stable compared to soy oil, as seen in figures 1, 2 and 3.
Therefore, these results support the view that CLA does not have antioxidant activity (23, 24).
Chemical kinetic analysis: To quantitatively compare oxidative stabilities of fatty acids, we did a
chemical kinetic analysis on the data, relating the overall peroxide value to the decline of unsaturated
fatty acids in the CLARSO. Fig. 7 shows the peroxide value (PV) of CLARSO samples exposed to air at
52oC, 61oC and 69oC against time. While the PV rose almost immediately after incubation at all the three
temperatures, with increasing temperature, the PV approached saturation in shorter times. Very high PVs
indicate that the CLARSO was highly susceptible to oxidation, probably due to the presence of ruthenium
pro-oxidant.
Figures 8, 9 and 10 show the plots derived from Bolland’s model at 52 oC, 61 o C and 69 o C,
respectively. The rate constant of the fatty acid oxidation at that temperature is derived from the gradient
of the line. With the exception of oleic acid, the plots for all fatty acids are linear with the R 2 all being close
to 1.0 (Table 1). The data demonstrates that PUFA oxidation in CLARSO conforms to Bolland’s kinetic
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model, and therefore likely follows the oxidation mechanism he described, where hydroperoxides catalyze
fatty acid oxidation. According to Bolland (20), the rate of oxidation of fatty acid is dependent directly on
the concentration of hydroperoxides, which is also supported by recent findings (25) where
hydroperoxides were shown to be pro-oxidants.
The oleic acid R2 values shown in Table 1, declined from 0.95 to 0.73 with increasing
temperature. This is probably due to much less oleic acid hydroperoxide formation and less oleic acid
susceptibility to hydroperoxide pro-oxidant activity, relative to PUFAs. Thus oleic does not conform well to
Bolland’s model, which used a single fatty acid.
Table 1. shows the rate constants (k') of oxidation of CLARSO unsaturated fatty acids, and corresponding
R2 values. While there was not much difference in the oxidative stabilities of geometrical isomers of CLA,
CLA had a significantly lesser oxidative stability compared to other unsaturated fatty acids in the
CLARSO. Linoleic acid was much more stable than CLA, since kꞌ was less than half of that of CLA at all
temperatures. The values of kꞌ for linolenic acid, a triene unsaturated fatty acid were also much less
compared to that for CLA, indicating that linolenic acid was much more stable in CLARSO. The results of
this study support several studies that reported CLA having significantly less oxidative stability compared
to other PUFAs such as linoleic acid, linolenic acid (5, 9, 26, 27). Zhang and Chen (5) showed that in a
mixture of PUFA TAGs, CLA-TAGs were less stable than linoleic acid, linolenic acid and arachidonic acid
TAGs. Tsuzuki et al. (26) showed that CLA present in CLA-TAGs was less stable than LA present in LATAGs when oxidized in air at 37 oC. Yang et al. (27) found that CLA free fatty acid oxidized faster in a
mixture with other PUFAs including linoleic acid and linolenic acid. Luna et al. (9) also reported that CLA
methyl esters oxidized faster in a 1:1 mixture of CLA and LA methyl esters.
Arrhenius plots: Fig. 11 shows Arrhenius plots obtained and Table 2 shows the corresponding activation
energies and frequency factors derived from the plots in Fig. 8, Fig. 9 and Fig. 10. The CLA isomers had
the highest value of the energy of activation of oxidation. Thus the energy barrier to the oxidation of CLA
was relatively high, despite it being the most reactive as shown by rate constants. The non-conjugated
linoleic acid’s lower activation energy is probably due to methylene interrupted double bonds with a lower
oxidation energy barrier than conjugated double bonds. However, the CLA activation energy was
compensated for by higher frequency factors indicating that the CLA isomers had more molecular
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collisions with oxygen.
Oleic acid is known to be much more stable compared to other unsaturated fatty acids (22), but this study
underestimated its activation energy, for reason outlined in the discussion of Table 1. Oleic acid
contributed less peroxide and is less influenced by its pro-oxidant effects than PUFAs. Therefore the
model that includes peroxide values is not as effective.

CONCLUSIONS:

The CLA rich soy oil was less stable than soy oil but adsorption bleaching improved its oxidative stability.
However, the induction times as measured by primary oxidation products such as, weight change and
peroxide value, were dependent on the analytical method used. The CLARSO CLA isomers had greater
oxidation rate constants than linoleic acid, even though the CLA activation energy was greater. This is
explained by larger frequency factors, which shows that the CLA isomers had more molecular collisions
with oxygen than linoleic acid.
This is the first time Bolland’s (20) kinetic model was applied to a mixed triacylglceride system and
showed that PUFA oxidation, which contributed most to hydroperoxide formation, could be evaluated.
However, the kinetics of the more stable oleic acid could not be accurately determined.
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Fig. 1.1 Weight increase of conjugated linoleic acid rich soy oil (CLARSO); adsorption bleached CLARSO
and deodorized RBD soy oil samples stored at 50 oC for 10 days.
Error bars represent standard deviation (n=3). LSD0.05 = 1.816
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Fig. 1.2 Peroxide value of conjugated linoleic acid rich soy oil (CLARSO); adsorption bleached CLARSO,
and deodorized RBD oil samples stored at 50 oC for 10 days. Error bars represent standard deviation
(n=3). LSD0.05 = 0.56
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Fig. 1.3 The p-anisidine value of conjugated linoleic acid rich soy oil (CLARSO), adsorption bleached
CLARSO, and deodorized RBD oil samples stored at 50 oC for 10 days.
Error bars represent standard deviation (n=3). LSD0.05 = 0.79
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Fig. 1.4 Fatty acids in conjugated linoleic acid rich soy oil (CLARSO) samples containing 8.8 ppm
ruthenium, stored at 52 oC over time. Error bars represent standard deviation (n=3). LSD 0.05 = 0.06
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Fig. 1.5 Fatty acids in conjugated linoleic acid rich soy oil (CLARSO) samples containing 8.8 ppm
ruthenium, stored at 61 oC over time. Error bars represent standard deviation (n=3). LSD 0.05 = 0.05
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Fig. 1.6 Fatty acid in conjugated linoleic acid rich soy oil (CLARSO) samples containing 8.8 ppm
ruthenium, stored at 69oC over time. Error bars represent standard deviation (n=3). LSD 0.05 = 0.09
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Fig. 1.7 Peroxide value of conjugated linoleic acid rich soy oil (CLARSO) samples containing 8.8 ppm
ruthenium, stored at 52 oC, 61 oC and 69 oC over time. Error bars represent standard deviation (n=3).
LSD0.05 = 12.72
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Fig. 1.8 Plots of Ln(R) (R = millimoles of unoxidized fatty acid remaining) v/s area under PV curve (in fig.
7) for selected six constituent unsaturated fatty acids in samples of conjugated linoleic acid rich soy oil
(CLARSO) containing 8.8 ppm ruthenium, stored at 52 oC. Points represent means of three samples
(n=3)
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Fig. 1.9 Plots of Ln(R) (R = millimoles of unoxidized fatty acid remaining) v/s area under PV curve (in fig.
7) for selected six constituent unsaturated fatty acids in samples of onjugated linoleic acid rich soy oil
(CLARSO) containing 8.8 ppm ruthenium, stored at 61 oC. Points represent means of three samples
(n=3)
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Fig. 1.10 Plot of Ln(R) (R = millimoles of unoxidized fatty acid remaining) v/s area under PV curve (in fig.
7) for selected six constituent unsaturated fatty acids in samples of conjugated linoleic acid rich soy oil
(CLARSO) containing 8.8 ppm ruthenium, stored at 69 oC. Points represent means of three samples
(n=3)
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Fig. 1.11 Arrhenius plot of the oxidation reaction for selected six constituent unsaturated fatty acids in
CLARSO containing 8.8 ppm ruthenium, stored at 52 oC, 61oC and 69oC.
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52oC

61oC

69oC

k′(kg mEq-1dayFatty acids

k′ (kg mEq-1day-1)

R2

1

R2

k′(kg mEq-1day-1)

R2

Oleic acid

5±1

0.95

7±1

0.90

8±5

0.73

Linoleic acid

23 ± 3

0.99

31 ± 1

0.99

44 ± 5

0.98

c,t CLA

56 ± 6

0.99

84 ± 2

0.99

118 ± 2

0.99

t,t CLA

54 ± 1

0.98

82 ± 1

1.00

116 ± 6

0.99

total CLA

56 ± 6

0.99

84 ± 2

1.00

118 ± 1

1.00

Linolenic acid

38 ± 3

0.98

50 ± 3

1.00

82 ± 7

0.99

)

Table 1.1: Correlation coefficients for the plots shown in fig. 8, 9, 10 and the corresponding values of rate
constant (k′) of oxidation reaction for selected six constituent unsaturated fatty acids in CLARSO
containing 8.8 ppm ruthenium, expressed as mean +/− standard deviation at 52oC, 61oC and 69oC.
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Fatty acids

Ea (kJ per mole)

R2

Ln (freq factor)

Oleic acid

25.8 ± 5

0.96

1.98 ± 1.84

Linoleic acid

35.1 ± 3

0.99

6.91 ± 1.2

c,t CLA

40.5 ± 0

1.00

9.82 ± 0.03

t,t CLA

41.6 ± 0

1.00

10.17 ± 0.07

Total CLA

40.6 ± 0

1.00

9.82 ± 0.03

Linolenic acid

41.4 ± 9

0.96

9.70 ± 3.22

Table 1.2: Oxidation activation energy (Ea) and Arrhenius’ frequency factors of six unsaturated fatty acids
in CLARSO containing 8.8 ppm ruthenium, expressed as mean +/− standard deviation.
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CHAPTER 2
Effect of triglyceride fatty acid composition on conjugated linoleic acid rich soy oil oxidation

ABSTRACT:

A CLA rich-soy oil (CLARSO) has been obtained by heterogeneous catalysis of soy oil linoleic acid.
Conventional soy oil linoleic acid, and other fatty acid species, are distributed among a variety of
triacylglycerols (TAG). Therefore, the objectives of this study were to: (1) identify the major TAG species in
CLARSO and the fatty acid composition of each fraction relative to that of soy oil and (2) determine the
change in CLARSO TAG fraction fatty acid composition during CLARSO oxidation. Control soy oil and
CLARSO TAG fractions were identified by analytical HPLC with ELSD and UV detection. Semi-prep HPLC
was then used to obtain CLARSO TAG fractions for fatty acid analysis by GC-FID as FAME. CLARSO
oxidation was evaluated by incubating six 2 g samples at 50 oC. Daily duplicate samples were taken for
TAG fraction separation by HPLC prior to GC-FID FAME fatty acid determination. The stability of linoleic
acid and linolenic acid varied among TAG fractions. The main factor affecting linoleic acid loss was the
amount initial of linolenic acid in each fraction and this was independent of CLA decline. Loss of CLA did
not promote linoleic or linolenic acid loss, which suggests CLA as a possible antioxidant .
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INTRODUCTION:

The term 'conjugated linoleic acid’ (CLA) refers to a group of positional and geometrical isomers of linoleic
acid having conjugated double bonds at positions in the fatty acid chain. CLA has been associated with
numerous health benefits, such as anti-carcinogenic, anti-atherosclerotic and anti-obesity effects (1).
However, the conventional dairy and meat dietary sources do not provide sufficient CLA to realize these
health benefits (2). Increased CLA intake through greater consumption of meat and dairy products would
increase dietary saturated fat and cholesterol, which would be undesired. Therefore, there is a need for
more concentrated sources of CLA that are low in saturated fats or cholesterol. Soy oil, which contains
little saturated fat and no cholesterol can be used to obtain CLA by isomerization of linoleic acid. Jain et
al. (3) developed a method to obtain about 20 % CLA in CLARSO from soy oil and iodine by a
photoisomerization reaction. However, there was difficulty in removing iodine after CLA production.
Proctor and Shah (4) recently obtained about 20 % CLA in CLA rich soy oil (CLARSO) from soy oil by
heterogeneous catalysis.

Oxidative stability studies of CLA fatty acids and CLA esters are inconsistent. Zhang and Chen (5) found
that CLA free fatty acid (FFA) and triacylglycerols (TAGs) oxidized much faster than linoleic acid (LA) at
90 oC, as measured by FFA and TAG decline. Chen et al. (6) also found CLA free fatty acids were more
unstable at 90oC than LA. However, contrary to these findings, Luna et al. (7) found that CLA methyl
esters were more stable than methyl linoleate. Furthermore, Giua et al. (8) showed that CLA had lower
peroxide values than linoleic acid, in methyl ester, free fatty acid and TAG forms in model frying
conditions, as measured by the ferrous oxidation xylenol orange (FOX) spectrophotometric assay (9).
Suzuki et al. (10) found that CLA ethyl ester had a higher oxidative stability than LA esters at 50°C.
Differences in the experimental conditions, chemical form and composition of fatty acid mixtures may be
responsible for these inconsistent findings.

We recently studied the oxidation kinetics of component CLARSO fatty acids by measuring fatty acid
decline and hydroperoxide increase at 52 oC, 61 oC and 69 oC in the dark (11). CLA isomers had higher
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rate constants, higher activation energies and higher frequency factors than other unsaturated fatty acids
in the oil. However, these was no difference between these parameters for all CLA isomers. The data
indicated that CLA isomers underwent more molecular collisions during oxidation relative to other
CLARSO fatty acids. However, CLA fatty acids are found in a range of CLARSO TAG molecules, so the
fatty acid composition of CLARSO containing TAG may affect the oxidative stability of CLARSO and other
unsaturated TAG fatty acids.

Separation and identification of TAGs in CLARSO obtained by heterogeneous ruthenium catalysis has not
yet been reported. Lall et al. (12) identified and separated five fractions of mixed TAGs in CLARSO
obtained by soy oil photoisomerization and homogeneous catalysis (3), using non-aqueous reverse
phase high performance liquid chromatography (NARP-HPLC), based on the method of List et al. (13).
This technique would also enable identification and separation of new TAG fractions in CLARSO obtained
by heterogeneous ruthenium catalysis and TAG changes during oxidation.

The objectives of this investigation were to: (1) Identify the major TAG CLARSO fractions and fatty acid
composition relative to RBD soy oil; and (2) Determine the change in TAG fraction fatty acid composition
during CLARSO oxidation.

MATERIALS:
Commercial refined, bleached and deodorized (RBD) soy oil without added antioxidants was obtained
from Riceland Foods (Stuttgart, AR). Ruthenium on a carbon matrix support with 5 % wt/wt loading
(product no. 206180, Sigma Aldrich, St. Louis, MO) was used as the catalyst for heterogeneous catalysis
to produce CLA rich soy oil from RBD soy oil. Heptadecanoic acid (17:0) methyl ester (Sigma Aldrich, St.
Louis, MO) was used as the standard for GC- FID analysis.

METHODS:
Production of CLA rich soy oil (CLARSO):
CLARSO was produced from RBD soy oil (Riceland Foods, Stuttgart, AR) using the method described by
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Proctor and Shah (4), A control RBD soy oil was used as a control.
Identification of the major TAG CLARSO fractions and differences from RBD soy oil fatty acid
composition:
CLARSO & soy oil TAG identification by analytical NARP-HPLC: Analytical NARP-HPLC was performed
on duplicates of control soy oil and CLARSO samples. Samples of CLARSO and control soy oil were
dissolved in a 1:1 mixture of acetonitrile (ACN) and dichloromethane (DCM) to obtain a concentration of
25 mg/mL for each replicate. These samples were analyzed by the method of Lall et al. (12). Samples
were injected into a series of two C18 columns (Sunfire, Waters corporation, Milford, MA), 250 mm x 4.6
mm i.d. each, 5 µm particle size using a Waters 717 plus autosampler and a Waters model 600 system,
equipped with a quaternary pump (Waters Delta 600). Column temperature was kept constant at 30 o C
using a temperature control module (Waters corp.). Column effluent was split between an ELSD (Waters
model 2420) and a UV-PDA (Waters model 2996) detector set at 233 nm. The solvent gradient elution
was as follows: 70% ACN/30% DCM for 40 min; to 65% ACN/35% DCM at 45 min, held until 55 min; to
60% ACN/40% DCM at 60 min, held until 70 min; to 55% ACN/45% DCM at 80 min, held until 100 min;
back to 70% ACN/30% DCM until 120 min. Flow rate was 0.85 mL/min.

CLARSO TAG separation by semi-preparative NARP-HPLC for fatty acid analysis: Semi-preparative
NARP-HPLC was performed on duplicates of CLARSO samples. CLARSO samples were dissolved in a
1:1 mixture of ACN and DCM to obtain a concentration of 250 mg/mL for each replicate. The samples
were separated into TAG fractions using NARP-HPLC by an adaptation of the method of Lall et al. (12).
100 µL of solution from each sample replicate was injected into a series of two C18 columns (Sunfire,
Waters corporation, Milford, MA), 250 mm x 10 mm i.d. each, 5 µm particle size using a Waters 717 plus
autosampler and a Waters model 600 system, equipped with a quaternary pump (Waters Delta 600). The
column effluent was split between an ELSD (Waters model 2420) and a tube left open to collect fractions,
receiving ~ 20 % and ~ 80 % (by volume) of the effluent respectively. Flow rate was 4 mL/min. Each of
the five collected fractions (F1 – F5) from each oil sample were evaporated separately using a rotavapor
R114 (Buchi corporation) at 25 oC.
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Fatty acid analysis of CLARSO & soy oil TAG fractions: CLARSO & soy oil TAG fractions collected by
semi-preparative NARP-HPLC were converted to FAMEs using a rapid micro FAME preparation method
(15). The fatty acid compositions of the TAG fractions were then determined by analyzing the
corresponding FAME using GC-FID by the method of Lall et al. (12). Only total CLA was reported as our
previous study showed no difference in the oxidation rate of CLA isomers (11).

Determination of the change in fatty acid composition of CLARSO TAG fractions during oxidation.
Six 2 g aliquots of CLARSO were weighed into 57mm diameter aluminum weighing pans. The pans were
stored in the dark at 50 oC for 72 hours. Duplicate pans were sampled every 24 hours and fractionated by
semi-preparative NARP-HPLC, as described previously (12), Each TAG fractions was then subject to GCFID fatty acid analysis as FAMES (15). Only total CLA was reported, as our previous study showed no
difference in the oxidation rate of CLA isomers (11).

RESULTS AND DISCUSSION:
Identification of the major TAG CLARSO fractions and differences from RBD soy oil fatty acid
composition:
CLARSO & soy oil TAG identification by analytical NARP-HPLC: Fig. 1 shows ELSD response of NARPHPLC of control RBD soy oil and CLARSO. Fig. 1A shows the RBD soy oil chromatogram with five groups
of peaks corresponding TAG fractions of soy oil, as reported Lall et al. (12), except that the run time was
extended to include F5 in the chromatogram. This is similar to the soy oil chromatogram reported by List
et al. (13), but with improved resolution. The TAG fatty acid composition (Fig.1) were identified with
reference to the results obtained by List et al. (13) and Lall et al. (15) and marked on the chromatogram.

The CLARSO TAG chromatogram (Fig 1B) show increase in retention time of all the original TAG
fractions and formation of additional CLA TAG peaks relative to those of soy oil which co-eluted or eluted
close to each other. Five main fractions were identified, as with RBD soy oil. The LnLL peak height
(Fraction 1) in CLARSO was lower than that in soy oil but there was an increase in adjacent peaks. These
additional peaks confirm conversion of Ln and L in LnLL to multiple conjugated isomers, resulting in
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multiple CLA and CLnA containing TAGs, resulting in peak widening, as was reported by Lall et al. (12) in
CLARSO produced by iodine catalysis. Similarly, the height of LLL peak in Fraction 2 of soy oil decreased
considerably while adjacent LnLO and LnLP peaks increased in height and width after processing,
indicating conversion of L in LLL to various CLA isomers in CLA containing TAGs which coeluted with
LnLO and LnLP peaks. Similarly, Fraction 3 (F-3) showed a decrease in peak resolution, likely due to
formation of TAG CLA isomers during processing. This suggests probable isomerization of L,
predominantly found as LLO and LLP to different CLA isomers containing TAGs. In fraction 4 (F-4), the
LOP peak height increases relative to the LOO peak, after processing, with peak widening around LLS
and PLP peaks, likely due to LA isomerization forming new TAG isomers. Fraction 5 shows little change
among the relative heights of TAG peaks, due to very little linoleic acid, but peak widening and decrease
in peak resolution is observed, due to some formation of CLA containing TAG isomers. The CLARSO data
is similar to that of Lall et al. (15) except in this data F-3 has the highest peak, whereas Lall et al. found
that the highest peak of each fraction were of similar size. This may be related to different modes of
catalysis i.e. homogeneous and heterogeneous catalysis.

Fig. 2. shows the NARP-HPLC chromatogram obtained with detection of conjugated dienes at 233 nm for
CLA detection of (A) control RBD soy oil and (B) CLARSO. Lipid absorption was due exclusively to CLA
as the PV was < 0.1mEq/kg, with no absorption in RBD oil. However, the RBD soy oil chromatogram
baselines increased steadily with time, probably due to an increase in the fraction of DCM in the mobile
phase, but with no CLA peak was observed. The CLARSO chromatogram (Fig 2B) shows clusters of
peaks corresponding to F1-F5 with largest peaks corresponding to TAGs with high L or Ln levels, with
fractions F-2 and F-3 having most UV absorbance. These peaks are similar to those obtained by Lall et al
(15) but with F-2 being significantly larger than the others peaks. This may due to the different mode of
catalysis, as mentioned previously.

Fatty acid analysis of TAG fractions obtained by semi-preparative NARP-HPLC: Fatty acid composition of
RBD soy oil and CLARSO TAG fractions are presented in Table 2 expressed as mole percentages. Soy
oil fraction 1 (F-1) was composed predominantly of linoleic acid (64 %) and linolenic acid (31 %). In
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CLARSO, CLA formation during processing reduced the linoleic acid content (52 %). Furthermore, the
linolenic acid in fraction 1 reduced significantly (12.6 %) upon processing soy oil to CLARSO. This
suggests that linolenic acid participated in conjugated fatty acid formation during catalysis. Contrary to
these observations, Lall et al. (12) found little changes in linolenic acid in F-1 of soy oil upon
photoisomerization to CLARSO. The amount of palmitic acid increased slightly in fraction 5. Linolenic acid
and linoleic acid could be converted to oleic and palmitic acid. Although, the oleic acid was observed as a
single peak, it will be important to investigate possible trans oleic acid formation.

Soy oil fractions 2 to 5 had little linolenic acid levels and much less than linoleic acid than fraction 1. The
CLA formed in fractions F2-F5 must therefore have been formed predominantly from linoleic acid. CLA
was found predominantly in F-1 (27 %), F-2 (28 %) and F-3 (20 %), while F-4 (12 %) and F-5 (4 %) in
CLARSO had relatively less CLA content. This was due to the relative abundance of linoleic acid and
linolenic acid in F-1, F-2 and F-3 compared to F4 and F5 in control RBD soy oil (Table 2.1).

Determination of the change in fatty acid composition of CLARSO TAG fractions during oxidation.
Figures 3-7 show the mole fraction change in specific fatty acids levels in each TAG fractions (F1-5),
during oxidation, when CLARSO is stored in the dark at 50 oC over 3 days.

Figure 3 shows the decline of fatty acids in fraction 1. CLA fatty acids declined immediately and are no
longer present after 2 days. Linolenic acid declined rapidly after day 1and has disappeared by day 2.
Linoleic acid also is diminished rapidly after day 1, but with 25 % moles fraction remaining after 3 days.
The mole fraction of oleic acid and saturated fatty acid increase as the polyunsaturated fatty acids rapidly
diminish. It would be expected that linolenic acid would oxidize first and then autoxidize linoleic acid
isomers prior to the oleic acid.

Changes in fraction 2 fatty acids is shown in Figure 4. There is very little linolenic acid in fraction 2 lost by
day 2, consequently the linoleic levels stable until day 3. However, CLA levels fall significantly after day 1
but before loss of linoleic acid. Linoleic acid is much more stable than that in fraction 1 which is probably
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why the linoleic is more stable, even though it is at a similar concentration to that in fraction 1. Oleic acid
and saturated fatty acid both increase due to concentration effect following polyunsaturated fatty acids
oxidation. The data suggests that oil polyunsaturated fatty acid oxidation is determined by the other fatty
acid constituents of each TAG molecule. Therefore, not all oil TAG CLA or linoleic acid molecules oxidize
at the same rate.

Fraction 3 fatty acid in Fig. 5 indicates most fatty acid levels are relatively stable, with almost no linolenic
present at 0 time. However, CLA declines significantly over time but it does not appear promote loss of
linoleic or oleic acid. This observation supports the hypothesis mentioned earlier, that the level of linolenic
acid in a specific TAG affects the TAG linoleic oxidation much more than the total linolenic acid in the oil.
Furthermore, the stability of other unsaturated fatty acids provides the possibility of CLA having
antioxidant properties in this system.
It has been is assumed that oil TAG oxidizing fatty acids have a similar effect on all other oil TAG fatty
acids, rather than a greater effect on this acids in the same molecule. Our observations support those of
Yoon et al. (16) who found that oxidative susceptibility of soy oil TAG species was inversely related fatty
acids unsaturation.

Figures 6 and 7 also showed little change in fraction 4 and 5 fatty acid levels in the absence of linolenic
acid, with the exception of a rapid decline in CLA levels. As described earlier, CLA degradation does not
seem to contribute to linoleic acid degradation.

Although CLA and linolenic acid decline at a similar rate in the TAG fractions, of linolenic acid degradation
contributes much more to linoleic acid autoxidation than does CLA. This is evidenced by the observation
of linoleic acid being relatively stable in the presence of degrading CLA, if linolenic acids levels are
negligible at zero time. This may suggest an oil antioxidant role for CLA in CLARSO in addition to health
benefits. This is in agreement with some studies that reported CLA antioxidant activity (17,18, 19).

CONCLUSION:

63

Linolenic acid participated in addition to linoleic acid during conjugated fatty acid formation. The oxidative
stability of any fatty acid in CLARSO TAGs was dependent on the nature of other unsaturated fatty acids
in the molecule. More specifically, the oxidative stability of linoleic acid in any TAG was determined by the
linolenic acid decline in the TAG and independent of CLA decline. In contrast CLA oxidation did not
promote oxidation of other unsaturated fatty acids in the same fraction, suggesting that CLA may have
antioxidant activity.
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Fig 2.1 ELSD response of NARP-HPLC of control RBD soy oil and CLARSO
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Fig 2.2 UV-PDA response (233 nm) of NARP-HPLC of control RBD soy oil and CLARSO
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Fatty acids
C16:0

C18:0

C18:1

C18:2

C18:3

CLA

2.1±0.3f

0.0±0.0e

2.8±0.6f

64.1±0.4b

31.1±0.5a

NA

CLARSO

3.1±0.3ef

0.0±0.0e

4.6±0.4ef

52.4±0.6d

12.6±1.6b

27.3±1.6a

SO

3.9±0.2de

0.0±0.0e

7.4±2.2de

80.6±1.3a

8.1±0.6c

5.6±0.2d

0.0±0.0e

8.6±0.4d

54.7±0.4d

3.5±0.2d

14.6±1.1c

0.9±0.1d

20.5±0.9c

60.9±0.5c

3.1±0.2d

15.5±0.3c

1.1±0d

21.8±0.3c

40.3±0.0e

1.2±0.0de

18.2±0.1ab

5.3±0.2c

37.3±0.5b

38.8±1.2e

0.4±0.5e

19.7±0.0a

5.6±0.0c

38.7±0.0b

23.9±0.0f

0±0.0e

15.8±0.4c

15.3±0.2b

51.9±0.6a

16.6±0.0g

0.5±0.0e

18.0±0.0b

16.3±0.1a

52.1±1.7a

9.9±0.4h

0±0.0e

Fraction
SO
F1

NA

F2
CLARSO
SO

27.8±0.4a
NA

F3
CLARSO
SO

20.2±0.1b
NA

F4
CLARSO
SO

12.2±0.0c
NA

F5
CLARSO

3.64±1.2d

Table 2.1 Fatty acid composition of the control RBD soy oil (SO) and CLARSO TAG fractions (F1-F5)
expressed in mole fractions as means from duplicate oil samples. Values in the same column with the
same letters are not significantly different (P < 0.05) as measured by ANOVA using the Tukey HSD test.
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Fig 2.3 Fatty acid compositional change of Fraction 1 in CLARSO (in percent moles) when CLARSO was
incubated at 50o C. Error bars represent standard deviation (n=2). LSD0.05 = 3.18
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Fig 2.4 Fatty acid compositional change of Fraction 2 in CLARSO (in percent moles) when CLARSO was
incubated at 50o C. Error bars represent standard deviation (n=2). LSD0.05 = 2.61

71

Fig 2.5 Fatty acid compositional change of Fraction 3 in CLARSO (in percent moles) when CLARSO was
incubated at 50o C. Error bars represent standard deviation (n=2). LSD0.05 = 1.81
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Fig 2.6 Fatty acid compositional change of Fraction 4 in CLARSO (in percent moles) when CLARSO was
incubated at 50o C. Error bars represent standard deviation (n=2). LSD0.05 = 2.09
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Fig 2.7 Fatty acid compositional change of Fraction 5 in CLARSO (in percent moles) when CLARSO was
incubated at 50o C. Error bars represent standard deviation (n=2). LSD0.05 = 2.68
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CONCLUSION:
The CLA rich soy oil was less stable than soy oil but adsorption bleaching improved its oxidative stability.
The CLARSO CLA isomers had greater oxidation rate constants than linoleic acid, even though the CLA
activation energy was greater. This is explained by larger frequency factors, which shows that the CLA
isomers had more molecular collisions with oxygen than linoleic acid.
The oxidative stability of any fatty acid in CLARSO TAGs was dependent on other unsaturated
fatty acids in those TAGs. Specifically, the oxidative stability of linoleic acid in any TAG was determined by
the linolenic acid decline in the TAG and independent of CLA decline. Additionally, CLA oxidation did not
promote the oxidation of other fatty acids in the same TAGs, suggesting that CLA may have antioxidant
activity.
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